BaCKgrOund Present-day life is almost exclusively
The general lack of nutrients (nitrogen, phosphorus, and trace metals) in the upper, most sunlit portion of the water column limits the presence of phytoplankton at the ocean surface (Dugdale, 1967; Behrenfeld et al., 2006b; Pennington et al., 2006 (Wilde et al., 2001) , and life emerged soon thereafter, producing solid evidence of biological CO 2 fixation 0.6 Gyr later (Mojzsis et al., 1996) .
Although it has been demonstrated that lightning and ultraviolet light could produce the organic precursors of life in an abiotic ocean (Miller, 1953; Oparin, 1957) , steady and sustained electron flow between inorganic species on redox, temperature, and pH gradients at deepsea hydrothermal vents may have also supported life's origin (Wächtershauser, 1988 (Wächtershauser, , 2006 Russel and Hall, 1997; Hanczyc et al., 2003; Martin and Russell, 2003) . To effectively exploit thermal and redox gradients, deep-sea autolithotrophic microbes may have developed infrared-sensitive photoactive precursory pigments (Ragatz et al., 1994) that later evolved into the bacteriochlorophyll-based light-harvesting and charge-separation apparatus (Nisbet et al., 1995) . Proteorhodopsin-based photosynthesis (Béjà et al., 2001) (Beatty et al., 2005) and the widespread presence of proteorhodopsin among archaea and bacteria (Frigaard et al., 2006) (Ehrenreich and Widdel, 1994; Croal et al., 2007; Yongqin and Newman, 2007) . To survive periods of darkness, early phototrophs must have also been capable of carbon respiration (more so than their lithotrophic counterparts), with ferric iron as a possible electron acceptor (Vargas et al., 1998; Lovley and Coates, 2000) . (Raymond et al., 2004) . The unicellular Cyanothece fix nitrogen only in the dark (Reddy et al., 1993) . Likewise, synthesis of bacteriochlorophyll in all known aerobic anoxygenic phototrophs is limited to periods of darkness (Kolber et al., 2000) .
In both cases, the most likely reasons are the adverse combined effects of light and oxygen on the enzyme activity. The ability of the nifH gene to functionally substitute the chlL gene in chlorophyllide reduction (Cheng et al., 2005) further demonstrates their functional similarity. Substitution of the nifH gene by chlL in nitrogen fixation has not been reported (yet).
It remains unclear whether photosynthesis evolved from a chemolithotrophic precursor or was born independently (Olson and Blankenship, 2004) . Bacteriochlorophyll-based photosynthesis still operates in the ocean, contributing about 5% of the total energy cycle (Kolber et al., 2000 (Kolber et al., , 2001 ) and up to 10% of the microbial community (Cottrell et al., 2006; Sieracki et al., 2006) , with new organisms continuously discovered and characterized (Fuchs et al., 2007) . It produces less-potent oxidants and is generally less productive in organic carbon output than its oxygenic counterpart. Its contribution to photosynthetic electron exchange is defined by a highly diverse system of redox reactions, rather than by the volume of electron flow (Rathgeber et al., 2004) . Proteorhodopsin-based photosynthesis (Béjà et al., 2000 (Béjà et al., , 2001 also remains widespread among diverse lineages of microbial communities (Venter et al., 2004) , and light has been shown to affect the growth rates of pro- (Behrenfeld and Falkowski, 1997) .
Global maps of such calculated primary production ( Figure 1A ) reveal spatially heterogenic patterns of primary production that cannot be explained solely by insolation (Palter et al., 2005) . net Primary Production (nPP) was calculated from SeaWifS imagery using the algorithm of Behrenfeld and falkowski (1997) . nPP data were downloaded from the Ocean Productivity Web pages of Oregon State university at http://web. science.oregonstate.edu/ocean.productivity/ onlineVgpmSWdata.php. (B) Spatial sea surface temperature (SSt) anomaly is calculated as the difference between locally averaged SSt (d) and the actual SSt data (C). locally averaged data were calculated by applying a gaussian convolution kernel with σ 2 = 4 degrees. to match the phase of the spatial anomaly with the image of nPP, anomaly data are displayed as the negative difference: -(SSt actual -SSt averaged ). note the almost indistinguishable patterns of nPP and the temperature anomaly, indicating the strength of the upwelling/mixing processes in controlling nPP. although the selection of σ 2 = 4 degrees was arbitrary, there was little difference in the SSt anomaly with σ varying between 2 degrees and 6 degrees. as expected, the SSt anomaly cannot explain the nPP plume at the outflow of the amazon river because of the higher-than-ambient temperature of the river plume water. SSt data for July 2006 were downloaded from http:// web.science.oregonstate.edu/ocean.productivity/ onlineVgpmSWdata.php.
Atlantic Bight using the fast repetition rate (FRR) fluorometry method (Kolber et al., 1998) (Figure 3) , shows highly variable, but coherent, relationships among physical properties of the water column (temperature and salinity), locally upwelled nutrients, the ensuing enhancement in photochemical yields and functional absorption cross section, and locally stimulated primary production (Kolber and Falkowski, 1993) to +5 (nitrate), is also fueled by phototrophically fixed nitrogen (Karl et al., 2002; Montoya et al., 2004; Langlois et al., 2005; Deutsch et al., 2007) . The highly variable oxygen gradient along the water column enables a wide range of nitrification/denitrification processes (Zehr and Ward, 2002) , including respiration of ammonia, breathing nitrite and nitrate, and exhaling gaseous nitrogen (Cabello et al., 2004; Konneke et al., 2005) . Oxygen gradients at the benthic interface support another class of redox reactions involving nitrate, manganese, iron, and sulfur (DeLong, 2004) .
The intricate system of energy and redox flow within the microbial community makes it potentially sensitive to anthropogenic forcing. The enhanced stratification of the ocean due to global temperature rise (Sarmiento, 2004; Barnett et al., 2005) (Conkright et al., 2002) . The almost identical shapes of the temperature and nitrate isosurfaces indicate the extent to which the position of the nutricline is controlled by the thermocline. Shoaling of both these clines under the equator reflects upwelling/mixing that is driven by the Equatorial undercurrent and locally stimulates primary production (ryan et al., 2002) . This phenomenon is visible in the SSt anomaly image ( figure 1B ) and in the spatial pattern of equatorial primary production (figure 1a). WOa data were downloaded from lamont-doherty Earth Observatory Web pages at http://iridl.ldeo.columbia.edu/ SOurCES/.nOaa/.nOdC/.WOa01/.
mary production (Behrenfeld et al., 2006a) . The ocean will absorb the majority of anthropogenically produced CO 2 (Brewer, 1983) , which will cause a significant increase in pCO 2 , and a concomitant decrease in pH (Caldeira et al., 1999; Caldeira and Wickett, 2003) . Although "CO 2 fertilization" may stimulate primary production (due to pervasive "carbon limitation") (Riebesell et al., 1993; Hein and Sand-Jensen, 1997 ), significant portions of the marine biota will likely be negatively affected by the pH decrease (Kleypas et al., 1999; Orr et al., 2005; Raven et al., 2005) The temperature and salinity distributions indicate the presence of a local upwelling 90-110 km offshore that brings cold, nutrient-rich water to the surface. The presence of nutrients stimulates the photosynthetic activity of phytoplankton, as indicated by the enhanced photosynthetic yield and the large functional absorption cross section. The resulting high level of primary production stimulates phytoplankton growth and produces local maxima of oxygen concentration. decaying phytoplankton, sinking into the cold pool, stimulates microbial activity, resulting in a high level of ammonia regeneration and oxygen depletion. Photosynthetic properties were measured using fast repetition rate (frr) fluorometry (Kolber et al., 1998) , and primary production was calculated according to Kolber and falkowski (1993) .
if and how these responses will affect the energy flow within the rest of the microbial community. The anticipated changes in prevailing wind patterns may also modify the patterns of iron delivery to the open ocean, altering photosynthetic activity (Kolber et al., 1994) and patterns of nitrogen fixation (Falkowski, 1997) . As these changes loom, there is an urgency to develop comprehensive models for the energy/redox cycle in the ocean that will encompass the entirety of the microbial community.
COnCluding rEMarKS
The existing partition of microbial communities into species, phototrophic versus heterotrophic organisms, or primary versus secondary producers makes it difficult to adequately describe the highly integrated and dynamic framework of energy/redox exchanges in the ocean.
As the genomic complexity of microbial ) , the rate of electron transport from Qa to PQ pool (τ Qa ), the rate of PQ pool reoxidation (τ PQ ), and the size of the PQ pool measured by frr fluorometry (Kolber et al., 1998) . The microbial sample was acquired 25 miles offshore in Monterey Bay and grown under a constant dilution rate of 0.75/day, at 15°C, under constant irradiance of 120 µE m -2 s -1
. The dilution media were prepared using natural seawater acquired at the sampling location, filtered through a 1 µm filter and autoclaved. all the measured photosynthetic properties responded to ph modulation, indicating the potential effect of ph on every stage of photosynthesis, including photosynthetic light utilization, charge separation, and photosynthetic electron transport. rEfErEnCE S
